INTRODUCTION {#sec1-1}
============

Severe acute respiratory syndrome (SARS) is a contagious and deadly disease in humans caused by a new coronavirus whose genome encodes a chymotrypsin‐like cysteine proteinase (CCP).[1](#bib1){ref-type="ref"}, [2](#bib2){ref-type="ref"}, [3](#bib3){ref-type="ref"} This proteinase shares 40% and 44% sequence identity to human coronavirus strain 229E main proteinase and transmissible gastroenteritis coronavirus main proteinase (TGEVMP), respectively,[3](#bib3){ref-type="ref"} and it processes the replicative polyproteins of the SARS coronavirus.[2](#bib2){ref-type="ref"} Given the success of using viral proteinase inhibitors to treat viral infections, selective inhibitors of the CCP can be used to treat the SARS infection.

Two homology models of the apo‐CCP have been reported.[3](#bib3){ref-type="ref"}, [4](#bib4){ref-type="ref"} Three other homology models of the apo‐CCP were made available at the Protein Data Bank (PDB) (codes: 1PUK, 1P9T, and 1PA5) before the release of X‐ray structures of the apo‐CCP (PDB codes: 1Q2W, 1UK1, and 1UK2) and the inhibitor‐bound CCP (PDB code: 1UK4).[5](#bib5){ref-type="ref"} Some of these models have reportedly been used in search of anti‐SARS drugs.[3](#bib3){ref-type="ref"}, [4](#bib4){ref-type="ref"}, [6](#bib6){ref-type="ref"}

It has been reported that the active site of an enzyme in the unbound state is slightly contracted and thus unsuitable for rigid‐body‐docking‐based search of anti‐SARS drugs.[7](#bib7){ref-type="ref"} For this reason, protein modeling of the substrate‐bound CCP was carried out in this study using multiple molecular dynamics simulations (MMDSs)[8](#bib8){ref-type="ref"}, [9](#bib9){ref-type="ref"}, [10](#bib10){ref-type="ref"}, [11](#bib11){ref-type="ref"}, [12](#bib12){ref-type="ref"} performed on teraflops computers. Additional reasons to carry out this study were to obtain information on the molecular flexibility of the active site of the CCP and to evaluate the effectiveness of MMDSs in protein modeling.

Here, I report the substrate‐bound CCP model that provides information regarding the molecular flexibility of the active site of the CCP. This model is useful for anti‐SARS drug design. The simulations of the CCP complex in water help explain why a catalytic dyad is observed in X‐ray structures of the CCP, TGEVMP, human coronavirus strain 229E main proteinase, and related 3C proteinases.[13](#bib13){ref-type="ref"}, [14](#bib14){ref-type="ref"} The results suggest that the catalytic efficiency of the CCP is regulated by substrate binding; the results also demonstrate that the SWISS‐MODEL‐based homology modeling followed by a refinement with MMDSs is effective in predicting 3D structures of proteins that have \>40% sequence identities to known 3D protein structures.

METHODS {#sec1-2}
=======

Homology Modeling {#sec2-1}
-----------------

The homology model of the apo CCP used in this study was automatically generated by the SWISS‐MODEL program using the X‐ray structure of TGEVMP[15](#bib15){ref-type="ref"} as a template, after submitting the protein sequence of the apo CCP to the website of SWISS‐MODEL.[16](#bib16){ref-type="ref"}

Multiple Molecular Dynamics Simulations {#sec2-2}
---------------------------------------

All MMDSs[8](#bib8){ref-type="ref"}, [9](#bib9){ref-type="ref"}, [10](#bib10){ref-type="ref"}, [11](#bib11){ref-type="ref"}, [12](#bib12){ref-type="ref"} were performed according to a published protocol[17](#bib17){ref-type="ref"} using the SANDER module of the AMBER 7.0 program[18](#bib18){ref-type="ref"} with the Cornell et al. force field (parm96.dat).[19](#bib19){ref-type="ref"} The topology and coordinate files used in the MMDSs were generated by the LINK, EDIT, and PARM modules of the AMBER 5.0 program.[18](#bib18){ref-type="ref"} All simulations used (1) a dielectric constant of 1.0; (2) the Berendsen coupling algorithm;[20](#bib20){ref-type="ref"} (3) a periodic boundary condition at a constant temperature of 300 K and a constant pressure of 1 atm with isotropic molecule‐based scaling; (4) the Particle Mesh Ewald method to calculate long‐range electrostatic interactions;[21](#bib21){ref-type="ref"} (5) iwrap = 1 to generate the trajectories for interaction energy calculations using the EUDOC program;[22](#bib22){ref-type="ref"} (6) a time step of 1.0 fs; (7) the SHAKE‐bond‐length constraints applied to all the bonds involving the H atom; (8) default values of all other inputs of the SANDER module. The initial structure of the substrate‐bound CCP used in the first set of simulations had no structural water molecules, whereas the corresponding structure used in the second set of simulations carried 218 structural water molecules. These structural water molecules were obtained from an instantaneous structure of the CCP complex from the first set of simulations (*vide infra*). The energy‐minimized initial CCP complexes used in the first and second sets of simulations were solvated with 8,274 and 8,713 TIP3P water molecules,[23](#bib23){ref-type="ref"} respectively (EDIT input: NCUBE = 20, QH = 0.4170, DISO = 2.20, DISH = 2.00, CUTX = 7.8, CUTY = 8.0, and CUTZ = 8.0). The solvated CCP complex (29,550 atoms for the first set or 31,521 atoms for the second set) was first energy‐minimized for 100 steps to remove close van der Waals contacts in the system, then slowly heated to 300 K (10 K/ps) and equilibrated for 1.5 ns. All energy minimizations used the default method of AMBER 7.0 (10 cycles of the steepest descent method followed by the conjugate gradient method). The CARNAL module was used for geometric analysis and for obtaining the time‐average structure.

Ninety percent of the simulations were performed on a cluster of 800 Intel Xeon P4 processors (2.2/2.4 GHz with hyperthreading) dedicated to the Computer‐Aided Molecular Design Laboratory of the Mayo Clinic College of Medicine, 9% on an HP SC45 with 512 Alpha EV6.8 processors (1.0 GHz) at the Aeronautical Systems Center of the High Performance Computing Modernization Program of the Department of Defense, and 1% on a Blue Horizon with 1,152 power3 processors (375 MHz) at the San Diego Supercomputing Center.

Interaction Energy {#sec2-3}
------------------

The intermolecular interaction energy and the average intermolecular interaction energy were calculated by the EUDOC program[22](#bib22){ref-type="ref"} using the CCP complex that was refined only by energy minimization and the trajectories of the CCP complex that were obtained at 1.0‐ps intervals over a period of 3.5--4.0 ns in the second set of simulations, respectively. The interaction energy was calculated from the potential energy of the ligand--receptor complex relative to the potential energies of the two partners in their free state, according to equations [1](#eqn1){ref-type="disp-formula"} and [2](#eqn2){ref-type="disp-formula"}, with the additive, all‐atom force field by Cornell et al.[19](#bib19){ref-type="ref"} A distance‐dependent dielectric function is used for calculating the electrostatic interactions.[24](#bib24){ref-type="ref"} No cutoff for steric and electrostatic interactions was used in the calculation of the intermolecular interaction energy.

RESULTS AND DISCUSSION {#sec1-3}
======================

Model Construction {#sec2-4}
------------------

The homology model of the apo‐CCP was generated by the SWISS‐MODEL program[16](#bib16){ref-type="ref"} using the CCP protein sequence that was obtained from GenBank (NP_828863) and aligned over the sequence of the X‐ray structure of TGEVMP[15](#bib15){ref-type="ref"}.[1](#bib1){ref-type="ref"} There is only one residue insertion in the CCP sequence aligned with that of TGEVMP (Fig. [1](#fig1){ref-type="fig"}). The model of the CCP bound with a peptide substrate (Ala^p6^Thr^p5^Val^p4^Arg^p3^Leu^p2^Gln^p1^Ala^p1\'^) was then built by manually docking the peptide into the active site of the homology model of the apo‐CCP. The sequence of the peptide substrate (residues 4224--4231) was identified from the SARS genome deposited at GenBank (NC_004718) according to the reported substrate specificities among coronavirus cysteine proteinases.[25](#bib25){ref-type="ref"} The resulting complex was optimized by a 5,000‐step energy minimization using a positional constraint applied to the CCP, followed by a 50,000‐step energy minimization without the use of any positional constraint. Different orientations of the peptide relative to the active site were examined by repeating the energy‐minimization procedure.

![Sequence alignment of transmissible gastroenteritis coronavirus main proteinase (Protein Data Bank \[PDB\] code: 1LVO) with the chymotrypsin‐like cysteine proteinase (CCP) (PDB code: 1P76) generated by the SWISS‐MODEL program. The most varied sequence region of the active site of the CCP (residues 44--65), the inserted residue of the CCP, and the conserved Asp187 of the CCP are highlighted in yellow, green, and red, respectively.](PROT-57-747-g009){#fig1}

The most energetically stable orientation of the peptide used in the subsequent MMDS refinement was consistent with the orientations of the peptide substrates in TGEVMP, alpha‐chymotrypsin, and gamma‐chymotrypsin complexes.[15](#bib15){ref-type="ref"}, [26](#bib26){ref-type="ref"}, [27](#bib27){ref-type="ref"}

The X‐ray structures of CCP were unavailable when the CCP complex model was built. The complex model was not rebuilt after the X‐ray structures were made available for the following reasons: (1) Part of the active‐site structure of the CCP (residues 46--51) is either not determined or determined with high B factors in the X‐ray structures of the CCP. (2) The homology model generated by the SWISS‐MODEL program is structurally close to the X‐ray structures (Fig. [2](#fig2){ref-type="fig"}). The mass‐weighted root mean square deviations (RMSDs) of the backbone and all heavy atoms between the truncated X‐ray structure of the apo‐CCP (residues 8--45 and 52--197) and the corresponding segments of the homology model are 0.99 Å (backbone) and 1.71 Å (backbone and side chains), respectively (Table [I](#tbl1){ref-type="table"}). (3) The mass‐weighted RMSDs of the backbone between the truncated X‐ray structure of the apo‐CCP (residues 8--45 and 52--197) and the truncated X‐ray structure of the bound CCP or the corresponding segments of the X‐ray structure of TGEVMP is 0.40 Å or 1.01 Å (Table [I](#tbl1){ref-type="table"}). (4) One of the aims of this study was to evaluate the effectiveness of MMDSs in predicting protein 3D structures.

![Overlay of the backbone structures of the truncated chymotrypsin‐like cysteine proteinase (residues 8--45 and 52--197) generated by X‐ray (yellow), SWISS‐MODEL (red) and multiple molecular dynamics simulations (green).](PROT-57-747-g003){#fig2}

###### 

Comparison of the X‐Ray Structure of the Bound or Unbound Chymotrypsin‐Like Cysteine Proteinase (CCP) with Different Theoretical Models of the CCP or the X‐Ray Structure of Transmissible Gastroenteritis Coronavirus Main Proteinase

  Protein          Method                                                              PDB code   Release date   RMSD[a](#fn1){ref-type="fn"} (Å)    
  ---------------- ------------------------------------------------------------------- ---------- -------------- ----------------------------------- -----------------------------------
  Unbound CCP      X‐ray                                                               1Q2W       29‐JUL‐03      0                                   0
  Bound CCP        X‐ray                                                               1UK4       18‐Nov‐03      0.40                                1.01
  Unbound CCP      Computational                                                       1PA5       27‐MAY‐03      1.01                                1.68
  Unbound CCP      Computational                                                       1P9T       24‐JUN‐03      2.14                                2.61
  Bound CCP        Homology[b](#fn2){ref-type="fn"} and MMDS[c](#fn3){ref-type="fn"}   1P76       02‐JUL‐03      1.34/1.40[d](#fn4){ref-type="fn"}   1.87/1.89[d](#fn4){ref-type="fn"}
  Unbound CCP      Computational                                                       1PUK       08‐JUL‐03      1.07                                1.89
  Unbound CCP      Homology[b](#fn2){ref-type="fn"}                                    ---        NA             0.99                                1.71
  Unbound TGEVMP   X‐ray                                                               1LVO       17‐JUL‐02      1.01                                NA

RMSD: The mass‐weighted root‐mean‐square deviation between the truncated X‐ray structure of the unbound CCP (residues 8--45 and 52--197) and the corresponding segments of the theoretical model of CCPs or X‐ray structure of the bound CCP or transmissible gastroenteritis coronavirus main proteinase (residues 8--45 and 51--196). The coordinates of residues 46--51 are either not determined or determined with high B factors in the X‐ray structures of the CCP.

Homology: Homology modeling using the SWISS‐MODEL program.

MMDS = Multiple‐molecular‐dynamics‐simulation refinement.

The mass‐weighted RMSD between the truncated X‐ray structure of the bound CCP (residues 8--45 and 52--197) and the corresponding segments of the theoretical model.
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Refinement {#sec2-5}
----------

To correct potential errors resulting from low‐sequence‐identity homology modeling and the manual docking of the peptide substrate, MMDSs[8](#bib8){ref-type="ref"}, [9](#bib9){ref-type="ref"}, [10](#bib10){ref-type="ref"}, [11](#bib11){ref-type="ref"}, [12](#bib12){ref-type="ref"} were used to simulate the substrate‐bound CCP solvated with explicit water molecules. Two hundred different simulations (2.0 ns for each simulation with a 1.0‐fs time step and different initial velocities) were performed according to a published protocol.[17](#bib17){ref-type="ref"} In a previously reported single molecular dynamics simulation (2.0 ns with a 1.0‐fs time step) of a crystal structure of phosphotriesterase at 2.1‐Å resolution, this protocol was successful in generating a time‐average structure that fit into the difference electron density map.[17](#bib17){ref-type="ref"}

The sampling in the conformational space of the CCP complex achieved by the MMDSs was assessed by intermolecular distances calculated from the trajectories of the CCP complex used in the 200 simulations. The distance of the S atom of Cys145 to the C atom of the scissile bond (D~S‐C~) in the last instantaneous structure was calculated for each simulation, as was the distance of the main‐chain O atom of Glu47 to the main‐chain H atom of the P2 residue (D~H‐O~). The last instantaneous structure could be misleading, but it is reasonable to expect that 200 such structures resulting from different simulations represent the sampling of the MMDSs.

The two calculated distances (D~S‐C~ and D~H‐O~) of the 200 simulations range continuously from 3.1 to 5.9 Å and 2.1 to 17.5 Å, respectively and demonstrate the conformational diversities of the substrate and the active site of the CCP in the 200 simulations. Furthermore, 99% of the D~S‐C~ and D~H‐O~ values can be found in multiple simulations, indicating that there was sufficient sampling of the conformations of the CCP and its substrate.

Of the 200 simulations, 188 resulted in partial unfolding in the active‐site region (residues 44--65); only 12 managed to adjust main‐ and side‐chain conformations and maintain the folded state in complex with the substrate. The active‐site region was considered partially unfolded if the distance between the two alpha carbon atoms of Glu47 and Leu^p2^ was greater than 6.0 Å. In those partially unfolded structures, residues 44--50 and/or residues 61--65 unfolded in such a way that their side chains interacted mainly with water molecules.

The partial unfolding observed in the simulations may reflect the flexible nature of residues 44--65. This observation is consistent with all known X‐ray structures of the CCP (PDB codes: 1Q2W, 1UJ1, 1UK2, and 1UK4) in which residues 46--51 are either not determined or determined with high B factors. The CCP may uniquely have flexible residues of 44--65, because corresponding residues 44--64 are not disordered in the X‐ray structure of TGEVMP. It is possible, however, that the partial unfolding was caused by incorrect conformations of residues 44--65 that resulted from the lowest sequence identity in the region of residues 44--65 (Fig. [1](#fig1){ref-type="fig"}). The partial unfolding could also have been caused by limited sampling of the bound conformations of the peptide substrate used in the manual docking.

Because the partial unfolding may be caused by limited sampling of the manual docking, the first set of simulations was considered more for re‐docking the peptide into the active site of the CCP than for refining the peptide‐bound CCP complex, namely, the first set of simulations was to "relax" the peptide substrate in the "restrained" CCP structure.

To test and refine the "MMDS‐docked" CCP complex, a second set of simulations was carried out using a water‐bound CCP complex structure obtained from one of the 12 simulations that kept the CCP active site in the folded state. Such simulations would result in unfolding or partial unfolding if the "MMDS‐docked" structure were energetically unstable.

For each of the 12 simulations, an average structure was obtained from 500 instantaneous structures at 1.0‐ps intervals over the last 0.5‐ns simulation. The average structure that had the smallest RMSD in the backbone structure of the CCP relative to that of the initial CCP complex used in the first set of simulations was selected as the initial structure for the second set of simulations. The use of the smallest‐RMSD‐based selection was for "relaxing" the substrate while "restraining" the enzyme. It is known that most water molecules converged to the center of the water box in the average structure of a long simulation. To retrieve the water molecules bound to the selected average structure, 500 instantaneous structures were compared to the selected average structure; the instantaneous structure that had bound water molecules and the smallest RMSD of all heavy atoms of the CCP relative to the selected average structure was actually used in the second set of simulations.

The second set of simulations was carried out using the same setup as the first set except that 220 simulations were carried out because additional computing resources were available. No unfolding in the active‐site region of the CCP complex was observed in any of the 220 simulations (2.0 ns for each simulation with a 1.0‐fs time step and different initial velocities). Otherwise, the simulations would have been repeated with an average structure of one of the rest of the 12 simulations until no unfolding was observed in the second set of simulations.

The average structure of the second set of simulations during the period of 1.5--2.0 ns was selected as the refined substrate‐bound CCP complex model. Seven instantaneous structures with RMSDs less than 2.1 Å relative to all the heavy atoms of the refined substrate‐bound CCP complex were also selected as instantaneous structures of the CCP that provided information on protein dynamics and structural water molecules. The refined model folds into two antiparallel β‐barrel domains and one domain containing five α‐helices and one parallel β‐sheet (Fig. [3](#fig3){ref-type="fig"}). The active site of the CCP has a heavy‐footprint‐like cavity, and is located at the interface of the two β‐barrel domains (Figs. [3](#fig3){ref-type="fig"}, [4](#fig4){ref-type="fig"}). The coordinates of the refined structure and the seven instantaneous structures bound with structural water molecules were released at the PDB (code: 1P76) on July 2, 2003.

![3D model of the substrate‐bound chymotrypsin‐like cysteine proteinase (red: α‐helix; cyan: β‐strand; yellow: substrate in the β‐strand conformation).](PROT-57-747-g005){#fig3}

![Top view of the active site of the chymotrypsin‐like cysteine proteinase showing the catalytic triad.](PROT-57-747-g008){#fig4}

After the release of the coordinates of the structures obtained from the 220 simulations (2.0 ns for each simulation) at the PDB, each of these simulations was extended to 3.0 ns. The X‐ray structure of the apo‐CCP was released on July 29, 2003, before the completion of the 3.0‐ns simulations. For this reason, structures obtained from the 2.5‐ to 3.0‐ns or 1.0‐ to 3.0‐ns time frame were not submitted to the PDB. Reassuringly, no unfolding in the active‐site region of the CCP complex was observed in any of the 220 simulations that were extended to 3.0 ns.

The average structure of the 110,000 instantaneous structures obtained at 1.0‐ps intervals over the period of 1.5--2.0 ns in the second set of simulations was compared to the initial structure used in the second set of simulations. The RMSD of all the heavy atoms of the CCP complex (backbone and side chains) between the two structures is 2.6 Å. The average structure during the 1.5‐ to 2.0‐ns time frame was also compared to the average structure over the period of 2.5--3.0 ns. The RMSD of all the heavy atoms (backbone and side chains) of the CCP complex between the two average structures is 0.6 Å. These results indicate that the average structure over the period of 1.5--2.0 ns is converged.

Self‐Consistency Test {#sec2-6}
---------------------

It has been reported that coronavirus cysteine proteinases have multiple cleavage sites.[1](#bib1){ref-type="ref"}, [2](#bib2){ref-type="ref"}, [25](#bib25){ref-type="ref"} To computationally test the self‐consistency of the refined substrate‐bound CCP model, the substrate of the CCP complex was mutated to Asn^p6^Arg^p5^Ala^p4^Thr^p3^Leu^p2^Gln^p1^Ala^p1\'^. The mutant contains an alternative cleavage site (residues 3919--3920) identified from the SARS viral genome.[1](#bib1){ref-type="ref"}, [2](#bib2){ref-type="ref"}, [25](#bib25){ref-type="ref"} The refined CCP structure would be invalid if unfolding were observed in any of the MMDSs of the mutant complex or if the intermolecular interaction energies of the two complexes differed greatly.

Only 49 simulations (4.0 ns for each simulation with a 1.0‐fs time step and different initial velocities) were carried out for the mutant complex before the release of the first X‐ray structure of the CCP. Reassuringly, no unfolding in the active‐site region (residues 44--65) was observed in any of the simulations. The average intermolecular interaction energies of AsnArgAlaThrLeuGlnAla and AlaThrValArgLeuGlnAla in the refined substrate‐bound CCP complexes are −222.4 (E~vdw~ = −71.3, E~ele~ = −151.1) kcal/mol and −222.1 (E~vdw~ = −74.3, E~ele~ = −147.8) kcal/mol, respectively. The intermolecular interaction energy of AlaThrValArgLeuGlnAla in the substrate‐bound CCP complex that was refined only with energy minimization is −123.0 (E~vdw~ = −59.0, E~ele~ = −64.0) kcal/mol. Clearly, the MMDS refinement is significant and necessary in protein complex structure modeling, as it improved the interaction energy from −123.0 kcal/mol to −222.1 kcal/mol.

Protein Dynamics {#sec2-7}
----------------

The trajectories obtained from the first set of simulations reveal that the side chain of Cys145 adopts two distinct conformations, both of which enable a hydrogen bond with His41 (Fig. [5](#fig5){ref-type="fig"}); the trajectories also demonstrate that the side chains of Asp187 and His41 have one conformation throughout the simulations. This observation explains why the S‐C bond of Cys145/144 is orthogonal to the imidazole ring of His41 in the crystal structures of the CCP and TGEVMP.[3](#bib3){ref-type="ref"}, [15](#bib15){ref-type="ref"} Interestingly, the side chain of Cys145 of the CCP in the second set of simulations adopted only one of the two conformations found in the first set of simulations; the other side‐chain conformation of Cys145 was disabled by the binding of Ala^p1\'^.

![Different conformations of the catalytic triad in the chymotrypsin‐like cysteine proteinase.](PROT-57-747-g007){#fig5}

The distance between the S atom of Cys145 and the N^ϵ^ atom of His41 fluctuates between 1.8 and 3.3 Å in both sets of simulations. The trajectories of the two sets of simulations suggest that residues 46--51, Cys44, His163, Met165, and Leu167 are flexible and that these flexible residues should be modeled with caution in structure‐based design of anti‐SARS drugs.

Substrate Binding {#sec2-8}
-----------------

The peptide substrate in the CCP complex adopts an antiparallel β‐strand conformation with four main‐chain hydrogen bonds conferred by Gln^p1^, Arg^p3^, Val^p4^, His164, Glu166, and Thr190 (Fig. [6](#fig6){ref-type="fig"}). The main‐chain H atom of Leu^p2^ interacts with the main‐chain O atom of Glu47 via a hydrogen bond relay of a water molecule. An oxyanion hole comprises Gly143, Ser144, and Cys145 in the active site, and the scissile bond O atom of the substrate anchors at the oxyanion hole (Fig. [6](#fig6){ref-type="fig"}). The carbonyl group of the scissile bond is best oriented for the nucleophilic attack by the thiolate of Cys145. This structural feature suggests that the Michaelis‐Menten state of the CCP complex is close to the transition state, and therefore the catalytic efficiency of the CCP is expected to be high. The methyl group of Ala^p1\'^ is rigidly packed in the active site, preventing His41 from forming hydrogen bonds with water molecules. The side chain of Gln^p1^ adopts at least five different conformations that enable one or two hydrogen bonds with the main‐chain O atom of Arg^p3^, the side‐chain O atom of Glu166, the main‐chain O atom of Leu^p2^ via the hydrogen bond relay of a water molecule, the guanidinium H atoms of Arg^p3^, and the N^ϵ^ atom of His163 (Fig. [6](#fig6){ref-type="fig"}). Both side chains of Leu^p2^ and Val^p4^ are rigidly packed in the hydrophobic regions of the active site. The Arg^p3^ residue is flexible in the active site as well.

![Residues that confer key intermolecular interactions in the multiple‐molecular‐dynamics‐simulations‐refined substrate‐bound chymotrypsin‐like cysteine proteinase (CCP) complex. Substrate is represented with the ball‐and‐stick model. Residues of the CCP are represented with the stick model. The catalytic triad is shown with the thick stick model. Hydrogen atoms are undisplayed except for those consisting of the oxyanion hole. C, O, N, S, and H atoms are shown in white, red, cyan, yellow, and green, respectively.](PROT-57-747-g001){#fig6}

In the average structure of the CCP complex, the distances of the guanidinium C atom to the carboxylate C atoms of Glu47, Asp48, and Glu166 are 7.0 Å, 8.0 Å, and 7.0 Å, respectively (Fig. [6](#fig6){ref-type="fig"}), although instantaneous structures reveal that the guanidinium group forms one or two hydrogen bonds with only one of the three residues at a time. The average structure of the CCP complex therefore indicates that the guanidinium group interacts electrostatically with all three residues in time and confers the entropic energy in binding.

Comparison with Crystal Structures {#sec2-9}
----------------------------------

The MMDS‐refined model is essentially consistent with all the X‐ray structures of CCP (Fig. [2](#fig2){ref-type="fig"}). The mass‐weighted RMSDs of the backbone and all heavy atoms between the truncated X‐ray structure of the bound/unbound CCP (residues 8--45 and 52--197) and the corresponding segments of the MMDS model are 1.40/1.34 Å and 1.89/1.87 Å, respectively; the corresponding RMSDs of the apo‐CCP models relative to the X‐ray structure are listed in Table [I](#tbl1){ref-type="table"}.

The backbone conformations of residues 184 and 151--158 in the X‐ray structures are identical to those in the MMDS model, but they are markedly different from those in all other theoretical models available at the PDB (Fig. [7](#fig7){ref-type="fig"}). Residue 184 is a Pro that controls the active‐site loop conformation. The side‐chain of Gln192 is important to the function of the CCP, as it constitutes in part the active site of the CCP; its conformation in the MMDS model is identical to those in the X‐ray structures. However, the conformations of Gln192 in all other theoretical models of the CCP are different from those in the X‐ray structures (Fig. [8](#fig8){ref-type="fig"}). These results demonstrate that the errors of side‐chain, main‐chain, and loop conformations that result from low‐sequence‐identity homology modeling can be corrected by MMDSs.

![Overlays of the X‐ray structure of the substrate‐bound chymotrypsin‐like cysteine proteinase (yellow) with the corresponding multiple‐molecular‐dynamics‐simulations model (green) and the corresponding SWISS‐MODEL model (red) (**top**: residues 183--185; **bottom**: residues 151--158).](PROT-57-747-g002){#fig7}

![Comparison of the X‐ray structure of the substrate‐bound chymotrypsin‐like cysteine proteinase (**middle**) with corresponding the multiple‐molecular‐dynamics‐simulations model (**left**) and the corresponding SWISS‐MODEL model (**right**) (**top**: residues 185--192; **middle**: residues 61--66 and 80; **bottom**: residues 165--167, 173, and 185--187).](PROT-57-747-g006){#fig8}

Significant differences between the MMDS model and the X‐ray structures are observed in the main‐chain conformation of residues 63--65 and the side‐chain conformations of Lys61 and Met165. Residues 63--65 of the MMDS model adopt a bend conformation, whereas the corresponding residues in the X‐ray structures all adopt the 3~10~‐helix conformation. Related to this conformational difference, the ammonium group of Lys61 forms a hydrogen bond with His80 in the MMDS model, but it is away from His80 in the X‐ray structures (Fig. [8](#fig8){ref-type="fig"}). The SWISS‐MODEL program incorrectly predicted the side‐chain conformation of Lys61 in which the ammonium group was surrounded by hydrophobic residues Ile43, Leu58, Phe66, Leu87, and Leu89. It has been reported that substrate binding in acetylcholinesterase can cause a large conformational change of a remote Arg residue (Fig. [9](#fig9){ref-type="fig"}). Interestingly, the conformational difference of Arg in acetylcholinesterase between the bound and the unbound states is akin to the conformational difference of Lys61 in the CCP between the bound and the unbound states.[28](#bib28){ref-type="ref"} Further computational and/or experimental studies are required to determine whether this difference is caused by substrate binding or by an error of the homology modeling that cannot be corrected by the MMDSs.

![Different side‐chain conformations of Arg289 in the X‐ray structures of acetylcholinesterase in the bound and the unbound states.](PROT-57-747-g004){#fig9}

The methyl group of Met165 in the active site of the MMDS model interacts with side chains of Leu167, Ala173, and Phe185. Therefore the methyl group of Met165 leaves more room to accommodate Val^p4^ of the substrate in the MMDS model than it does in the X‐ray structure of the apo‐CCP (Fig. [8](#fig8){ref-type="fig"}). This reflects the difference of the CCP in the bound and the unbound states and suggests that the MMDS model with an expanded active‐site pocket is useful for virtual screening of chemical databases for the CCP inhibitor leads.[29](#bib29){ref-type="ref"}

Table [II](#tbl2){ref-type="table"} lists the torsions for the comparison of the backbone conformation of the substrate in the MMDS model with that of the inhibitor in the X‐ray structure of a CCP complex (PDB code: 1UK4).[5](#bib5){ref-type="ref"} In the crystal structure, the inhibitor, AsnSerThrLeuGlnChloromethylKetone, was soaked into the active site of the CCP.[5](#bib5){ref-type="ref"} Residues at the p6, p1, and p1\' positions in the MMDS model are excluded in the comparison because the corresponding residues are either missing or modified in the X‐ray structure.[5](#bib5){ref-type="ref"} The side‐chain conformations are excluded in the comparison too, because the sequences of the two peptides are different except for the p2 residue. For Leu^p2^, the RMSD of all heavy atoms of Leu between the theoretical and experimental structures is 0.72 Å, indicating that the two conformations of the p2 residue in the two structures are almost the same. As apparent from Table [II](#tbl2){ref-type="table"}, the two backbone conformations of the peptides in the theoretical and experimental structures are nearly the same; on the contrary, the two backbone conformations of the same peptide before and after the two‐stage MMDS refinement are radically different as indicated by the large differences of torsions in the p3 and p5 residues. Again, the MMDS refinement is significant and necessary in protein complex structure modeling as demonstrated by the torsions in Table [II](#tbl2){ref-type="table"}.

###### 

Backbone Torsions (Degrees of Arc) of the Substrate or Inhibitor Bound in Different Chymotrypsin‐Like Cysteine Proteinase (CCP) Structures

  Torsion name   Theoretical structure   X‐ray Structure   Torsion difference           
  -------------- ----------------------- ----------------- -------------------- ------- ------
  p5: ψ          −119.7                  −49.8             −93.1                69.9    43.3
  p5: ω          4.8                     −2.2              0.2                  7.0     2.4
  p4: ϕ          −75.4                   −66.2             −37.2                9.2     29
  p4: ψ          −37.9                   −18               −55.6                19.9    37.6
  p4: ω          10.5                    22                0.2                  11.5    21.8
  p3: ϕ          −145.9                  −121.2            −108.6               24.7    12.6
  p3: ψ          −116.7                  −62.9             −36.4                53.8    26.5
  p3: ω          143.3                   −5.5              1.8                  148.8   7.3
  p2: ϕ          −66.3                   −72.1             −113.2               5.8     41.1
  p2: ψ          −37                     −41.5             13.5                 4.5     55

A^1^: Thr^p5^Val^p4^Arg^p3^Leu^p2^ substrate bound in the theoretical model of the CCP complex before the multiple‐molecular‐dynamics‐simulation (MMDS) refinement.

B^2^: Thr^p5^Val^p4^Arg^p3^Leu^p2^ substrate bound in the theoretical model of the CCP complex after the MMDS refinement.

C^3^: Asn^p5^Ser^p4^Thr^p3^Leu^p2^ inhibitor bound in the X‐ray structure of the CCP complex (PDB code: IUK4).
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Dyad versus Triad {#sec2-10}
-----------------

In stark contrast to the catalytic dyad observed in X‐ray structures of the CCP[5](#bib5){ref-type="ref"} and other coronavirus cysteine proteinases,[3](#bib3){ref-type="ref"}, [13](#bib13){ref-type="ref"}, [14](#bib14){ref-type="ref"}, [15](#bib15){ref-type="ref"} a catalytic triad comprising Asp187, His41, and Cys145 is found in the active site of the refined substrate‐bound CCP complex model (Fig. [4](#fig4){ref-type="fig"}). Sequence analysis reveals that Asp187 of the CCP corresponds to Asp186 of TGEVMP (Fig. [1](#fig1){ref-type="fig"}). Asp186 is reportedly conserved among the main proteinases of feline infectious peritonitis coronavirus, human coronavirus 229E, bovine coronavirus, murine hepatitis coronavirus, avian infectious bronchitis coronavirus, and transmissible gastroenteritis coronavirus (GenBank accession codes: AF326575, X69721, AF391542, M55148, M95169, and AJ271965, respectively).[15](#bib15){ref-type="ref"}

In the first set of simulations, a water molecule was occasionally sandwiched by Cys145 and His41 or by His41 and Asp187 when the peptide substrate failed to shield the catalytic triad from water (Fig. [5](#fig5){ref-type="fig"}). This observation is consistent with reports that a water molecule is entrapped by the catalytic His and Asp residues in X‐ray structures of coronavirus cysteine proteinases and a related 3C proteinase.[3](#bib3){ref-type="ref"}, [14](#bib14){ref-type="ref"}, [15](#bib15){ref-type="ref"} Interestingly, no water molecule was entrapped at the catalytic triad in the second set of simulations because the tight binding of the peptide at the active site completely shields the triad from water. The present results suggest that substrate binding leads to the displacement of a water molecule entrapped by Asp187 and His41, thus converting the dyad to a more efficient catalytic triad in which the nucleophilicity of the thiol group of Cys145 is increased by the hydrogen bonding of His41 to the carboxylate of Asp187.

While experimental studies are certainly required to confirm the catalytic role of Asp187 in the CCP, the exchange between dyad and triad observed in the present simulations suggests that one might be able to experimentally determine the structure of a 3C proteinase *cocrystallized* with a peptide‐like inhibitor of appropriate length that carries the p1\' residue and changes the Asp residue to a catalytically competent position. This experiment may settle the long‐standing dispute over the existence of a catalytic triad in coronavirus cysteine proteinases and related 3C proteinases.[3](#bib3){ref-type="ref"}, [13](#bib13){ref-type="ref"}, [14](#bib14){ref-type="ref"}, [15](#bib15){ref-type="ref"} The simulations suggest further that the catalytic efficiency of the CCP is regulated by substrate binding, which is insightful to protein design of enzymes with high substrate selectivity.

Conclusion {#sec2-11}
----------

This work demonstrates that the SWISS‐MODEL‐based homology modeling followed by a refinement with MMDSs generates the 3D structure of the substrate‐bound CCP from its amino acid sequence with a mass‐weighted RMSD of 1.89 Å for all heavy atoms of the protein relative to the corresponding X‐ray structure. The simulations of the substrate‐bound CCP suggest that substrate binding results in a slight expansion of the active‐site pocket, formation of a more efficient catalytic triad, and conformational changes of residues 61--65. The complex model with an expanded active‐site pocket is useful for anti‐SARS drug design. The simulations also provide a mechanism of catalytic efficiency regulated by substrate binding and suggest new experiments that may settle the debate on the existence of a catalytic triad in coronavirus cysteine proteinases and related 3C proteinases. In addition, this work suggests that MMDSs are effective in correcting errors of side‐chain, main‐chain, and loop conformations that result from low‐sequence‐identity homology modeling.
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